AD-A133 008 AN APPLICATION OF THE FINITE ELEMENT METHOD TO THE 11
SOLUTION OF LOW REYNOL..{U) AERNAUTICAL RESEARCH LABS
MELBOURNE {AUSTRALIA) T TRAN-CONG JUN

UNCLASSIFIED ARL-AERO-TM-349 F/G 9/2

NL




y vy

Ve

e ey e T T S ——
n _
-,
ol Y
o 5
- 1.8

T s e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAY OF STANDAROS - 1963~ 4




UNCLASSIFIED ‘
ARL~AERO~TECH-MENO- 349
‘@m

ARG

AR~002-953

DEPARTMENT OF DEFENCE

DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
AERONAUTICAL RESEARCH LABORATORIES

MELBOURNE, VICTORIA

Ab.A4)33 cof

Asrodynamics Technical Memogandum 349

AN APPLICATION OF THE FINITE ELEMENT METHOD TO THE
SOLUTION OF LOW REYNOLDS NUMBER, INCOMPRESSIBLE
FLOW AROUND A JOUKOWSKI AEROFOIL, WITH EMPHASIS

ON AUTOMATIC GENERATION OF GRIDS

e DTIC

ELECTE
SEP2 9 1983 >

¥

Approved for Public Release

(C) COMMOIMEALTE OF AUSTRALIA 1903

Y DTiC FILE COPY

JURE 1983

UNCLASSIFIED

83 09 26 008

LhoA e




e

AR-002-953

DEPARTMENT OF DEFENCE
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
AERONAUTICAL RESEARCH LABORATORIES

Aerodynamics Technical Memorandum 349

AN APPLICATION OF THE FINITE ELEMENT METHOD TO THE
SOLUTION OF LOW REYNOLDS NUMBER, INCOMPRESSIBLE
FLOW AROUND A JOUKOWSKI AEROFOIL, WITH EMPHASIS
ON AUTOMATIC GENERATION OF GRIDS

by
T. TRAN-CONG

SUMMARY

Some PORTRAN programs have been written in order to apply the Finite
Element Method to the solution for low Reynolds number, incompressible
flows around a Joukowski aerofoil, with emphasis on the generation of grids.
These programs serve as evaluation tools and as a first step in a planned
longer-term study of the Finite Element Method as applied to fluid flow

o DTIC

ELECTE
SEP2 9 1983

@ COMMONWEALTH OF AUSTRALIA 1983

POSTAL ADDRESS: Director, Aeronautical Research Laboratories,
P.O. Box 4331, Melbourne, Victoria, 3001, Australia.




CONTENTS

1. INTRODUCTION

2. THEORETICAL BACKGROUND

3. DESCRIPTION OF THE PROGRAMS
4. RESULTS

ACKNOWLEDGEMENT

REFERENCES

FIGURES

PROGRAM LISTING

DISTRIBUTION LIST

DOCUMENT CONTROL DATA

Page No.

" Accession ?S:: ,7
NTIS GRAXI )

. DTIC T4B i

* Unannounced i

i Justificatioro o ——rof
By

| Distribution/

Availabi}{;y Codes
[Avail and/or
Dist Speoial

A




1. INTRODUCTION

~The problems of external flows around aircraft, internal flows
inside propulsion units and also related problems like structural designs
all require more and more accurate solutions while incorporating state of
the art features involving more and more complex geometries and loadings.
This is steadily becoming beyond the reach of analytical solution methods
and thus necessitates the use of new computational methods. One of these
is the Finite Element Method.

The Finite Element Method was initially developed and used by
Zienkiewicz ‘11]" for elasticity problems and is at the height of its
development at the time of writing. The method is being studied theore~
tically as well as being applied to a broader and broader range of problems;
its applications are found in solid mechanics, fluid mechanics, electro~
magnetics, etc.. A reasonably short coverage of the method can be found in
the book by Fenner [3]. I

A

The FORTRAN programs given at the end of this Memo have been
written as an application of the Finite Element Method to a basic fluid
flow problem, namely the incompressible, low Reynolds number flow about an
aerofoil. A substantial part of these programs deals with the automatic
generation and efficient plotting of the grids surrounding a Joukowski
aerofoil.

The work reported here initiates an activity which, it is hoped,
will eventually lead to a capability for aerodynamic estimation beyond
that currently possible with analytical or empirical methods.

2. THEORETICAL BACKGROUND

The Finite Element Method is a method applicable to linear
problems, initially developed for elasticity whereby nodal displacements
in a continuum are solved for a given system of nodal forces provided
these nodal forces are known for every individual mode of nodal
displacement. In other words the method sets up a large system of
equations, with displacements d;'s as unknowns, forces f:'s as the given
constants on the right hand side of the equations, and the coefficients
aij's of the unknowrsare written down from the knowledge of nodal forces
resulting from each individual nodal displacement.

Our large system of equations thus takes the form:

alldl + alzdz * ... cees * amdn = tl
ayy8; + agd; + ... e tayd =t
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where a;y are the forces generated by the unit displacement d. while other
displacements are kept to zero. A high speed computer is then used to
solve this system of equations when the f.'s are given. The above system
is of the banded type due to the process Of forming discrete elements to
represent the continuum. For the individual displacement of each node the
resulting non-zero nodal forces only exist at its immediate neighbour nodes,
each of which must share at least one common element with the node
considered. The problem of boundary conditions where displacements instead
of forces are given on some boundary nodes is easily dealt with by
replacing the force equations for these nodes with the simpler displacement
eguations which have the known values of displacements on the right hand
sides and the nodal displacements on the left hand sides. A special
method is then used to solve this banded system; considerable saving in
computation is the direct result of the purposely designed banded character
of the system.

This Finite Element Method is readily adapted to the problem of
Stokes flow where the above displacements are replaced by fluid velocities
at every occurrence (see [3], p. 16). The only remaining problem is the
introduction of inertial forces as a kind of perturbation to the viscous
forces, thus retaining the linear character of the problem.

The central problem in any Finite Element Method program is its
efficiency and stability. The programs given at the end of this Memo are
used in evaluating these two aspects for a certain number of different
schemes available.

A substantial part of the programs given at the end of this Memo
deal with the automatic generation of a grid of triangular elements around
a Joukowski aerofoil. The grid is generated by wrapping an initial
rectangular mesh consisting of triangular elements around a circular
cylinder, this is followed by a conformal transformation to modify the
cylinder into an aerofoil section. Provisions are made for varying the
chord, camber, thickness of the aerofoil as well as its angle of attack.
The nodal distribution can also be varied to put more nodes in the boundary
layer than in the far field uniform flow.

In generating the mesh the numbering of the nodes affects the
bandwidth of the system of equations to be solved. However this should
not alter the computation speed of the subroutines for solving the
equations. The grid with triangular elements can surround each of its
nodes by the least number of six adjacent nodes, hence its use is advanta-
geous in reducing the bandwidth of the system of equations.

The coordinate tranformation process can sometimes invert a
finite sized element, i.e. change its oriented boundary into the opposite
direction. This can be avoided by reducing the size of the local elements
and by checking the sign of the area of every elemsnt after each coordinate
transformation.




3. DESCRIPTION OF THE PROGRAMS

Program FEM gets up the grid geometry through the subroutines
MESH3, MODFY3, MODFY4, ELAREA and then follows the standard finite
element method described in Section 2. The matrix [ai ] is set up by
the subroutine STIFF with the boundary conditions cate;ed for by sub-
routine BCS. The system of equations is then solved by subroutine ELIMIN.
The solution velocities are then used to calculate the inertial forces
in INERT and modify the nodal values of forces in the next iteration for
a more accurate solution of velocities. Outputs are through subroutine
MSHOUT, FEMOUT, OUTPUT and SOLPLT.

Some features of these programs are:

- Since the program PEM originated from an elasticity problem
it is necessary to set the Poisson ratio v to 0.49 to simulate an
incompressible flow. If this value of v is set to 0.5 exactly the system
has a number of infinite coefficients unless the problem is reformmlated
with one third of the equations, which are redundant, removed. Here the
approximate value v = 0.49 is used to avoid the complication (see [3],

p. 154).

- Subroutines STIFF and ELIMIN are for fully populated matrices.
They are used here aonly for quick production of early results and have
been replaced in subsequent work by those more suitable for banded matrices
which require much less computer memory and time.

- A seam line is generated at the trailing line of the %
aerofoil by the MESH, MODFY3, MODFY4 subroutines to put a number of nodes
there.

- In plotting the grid, two nodes of any side of an element
are joined if their ordinal number increases in the anticlockwise
direction around the element. This process makes the plotting computation
linearly proportional to the number of elements (hence nodes) and avoids
plotting any line twice.

- Although the numbering of elements and nodes does not affect
the speed of the solution routines it does affect the speed of plotting
the grid.

4. RESULTS

Figure 1 is the basic rectangular grid consisting of triangular
elements. The numbering scheme for the 17 elements and 105 nodes is self-
evident. This whole grid is then wrapped around a circle, as in Pigure
2, with a scaling effect to put more nodes near to the inside. The grid
then undergoes a Joukowski transformation with circulation added to
become the grid in Pigure 3. The Pinite Element Method is then applied
to the flow field using this grid. The resulting velocity field for a
Reynolds number of 1.2 (based om wing chord) is plotted in Figure 4.

s

3




The results so obtained are as expected and improvements on

the method are under study.
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FIG.1 BASIC RECTANGULAR GRID WITH TRIANGULAR ELEMENTS




FIG.2 GRID AROUND A CYLINDER




G.3 GRID AROUND A JOUKOWSKI AEROFCIL
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PROGRAM FEM

PROGRAM FOR FINITE ELEMENT ANALYSIS OF TWO-DINENSIONAL FLOW
ABOUT A JOUKOWSKI AEROFOIL, USING CONSTANT STRAIN TRIAMGULAR
ELENENTS.

DIMENSION XSOL(300)
REAL WU

CONMUN /CRESH/ NEL,KNP,X(150),Y(150),A1(270),AJ(270),
AK(2701,B1(270),BJ(270},BK(270),AREACZ70),NP1E270),
NPJ(270),MPK(270),H0UT,QLTY(270)

/CAPAR/ NXPT,MYFT,A, B

/CSTIF/ SSTIFF(300,300),nFbi(50) ,HPB2(50),U(150),V(150),
FX(150),FY(150),4BP1,NBP2

/CHATL/ RO

DATA NROU,NCOL/300,300/

GENERATE MESH DAlA.

TYPE 10

FORMAT(- INPUT TME NUMBERS OF POINTS ALONG THE X AND Y AXES,’,/,
RESPECTIVELY, ALSO THE HESH DATA OUTPUT CONTROL PARAMETER-,/,

7 (0 IF NO WMESH DATA YO BE PRINTED OUT, 1 IF ALL MESH BATA TOQ -,/,

BE PRINTED OUT):(3I}")
CALL MESH3
CALL WOBFY3
CALL MODFY4

CGAPUTE THE ELEMENT GEOMETRIES.
CALL ELAREA

QUTFUT THE RESH BATA.
CALL WSHOUT

PLOT THE HESH.
CALL mPLOT2

SET INITIAL VALUES OF STIF¢WESSES, EXTERNAL FORCES, AND
VELOCITIES.

DO 4 I=1,2euNP

DO 4 J=1,28NNP

SSTIFF(1,4)20.

B0 5 I=1,NNF

FX{In=0.

FY(1)s0.

u(1)=0,

V(l=o6.

ASSENBLE THE GLODAL STIFFNESS MATRIX.

CALL STIFF

OPEN(UNLT=9,FILE="8STIFF.TAP” ,NOBE="BINARY")
URITE (9) SHTIFF

CLose uNlT=9,

OUTPUT THE STIFFMESS WATRIX.
CALL STEOUT

INPUT BENSITY, RO.

TYPE 46

FORMAT(’ INFLT THE DENSITY, RO:(F)")
ACCEPT 67,&ku

FORMAT (¢,

o




23

80

90

<t

23

34

721

OO C

OPEN(UNIT=3,FILE="FENQUT.DAT")
WRITE(3,23)

FORMAT(” SGLUTION TO FEM PROGRAN‘)
CLOSE(UNIT=3)

SET UP ITERATIVE SOLUTION DO LOOP.
B0 71 L=1,3

CALCULATE INERTIAL FORCE PER ELENENT, AND DISTRIBUTE AMONGST THE
ELEnENTAL NODES.

OPENCUNIT=9 ,FILE="SSTIFF.THP/ ,nODE="BINARY ,

RERD (9) SSTIFF

CLOSE(UNIT=9)

CALL INERT

APPLY THE BOUNDARY CONDITIONS.
CALL BCS

DO 90 I=1,NBP1+NBP2
IFC(I.LE.NBP1) N=NPBI(I)
IFCI.6T.NEP1)N=NPB2(I-NBP1)
FX(N)=U(N)

FY(N)=V(N)

DO 80 ICOL=1,2¢NNP
SSTIFF(28N-1,1C0L)=0.
SSTIFF(2¢N,1C0L) =0,
SSTIFF(2eN-1,2eN-1)21,
SSTIFF (20N, 20N) =1,

CONTINUE

PO 21 I=1,NNP
SSTIFF(2¢I-1,ZsNNP+1)=FX(1)
SSTIFF(261,26NNP+1)sFY(])

SOLVE THE SISIEM OF EQUATiUNa.
NEQN=20NNF

TYPE 25,nEQN

FORMAT(' ENTERING ELININ',  MEGN=",14)

CALL ELININCSSTIFF,XSOL,NEQN,NROV,NCOL ,DET, ANEAN)

OUTPUT THE SOLUTION.
DO 36 I=1,NWP
UCI)=XSOL(2¢1-1)
V(I)=XSOL(2¢])

CALL FEMOUT

CALL OUTPUT

CONTINUE

OPEN(UNIT=9,FILEsSSTIFF,TAP)
CLOSE(UNIT=9,DISPOSE=DELETE")

PLOT THE VELOCITIES.
CALL SoLpLY

EnD

SUBRGUTINE MESHS

SUBPRGGRAN TO READ OR GENERATE A RESH OF TRIANGULAR FINITE
ELEAENTS. USEM IN CONJUNCTION WITH ROMFV3, TNIS VEKSION
GENERAIES A CIACULAR MESH OF NAIMLY 1SOSCELES TRIANGULAR
ELEMENTS. NODES ARE NUNBERED IN COMTiNUOUS RINGS, AND ELENENTS
ARE NUNBERED IN COWPLETE ROUS, I.E. UPRIGHT ANL INVERTED
TRIANBULAR ELEMENTS CONSIDERED ALTERWATELY.

CONMON /CHESH/ NEL,NNP,X(150),Y(150),41(270),A41270),
. AK(270),010270),00(270),DK(270),AREA(270) ,NP1( 276, ,
o WFJLZ70),HPK(27G),MOUT,BLTY(270)
. /CAPAR/ NXPT NYPT,A,D




51

61

INPUT THE NUMBERS OF PDINTS ALONG THE X WD Y AXES, ALSO THE
NESH DATA OUTPUT CONTROL PARAMETER.

ACCEPT 51, NXPT,NYPT,NOUY

FORMAT(3I)

COMPUTe AND TEST THE NURBERS OF NODES AND ELEMENTS.
NODNYsMOD(NYPT,2)

IF(nODNY.EQ.0) NNP=NYPTs(2¢NXPT-1)/2

IF (AODNY . EQ.1) KNF=(RYPT-1)8(28HXPT~1)/24HXPT-1
NEL=(NTPT-1)s 20NXPT-1)

TF (MNP .LE. 150 . AND.NEL.LE.270) 60 TO 1

TYPE 41, NNP,NEL

FORMAT (30HOEXCESSIVE SIZE OF MESH, NNP =,15,8M, NEL =,I5)
sT0p

DEFINE THE NODAL POINT COORDINATES.
1=0

BO 3 IY=1,NYPT

KODIY=NOD(IY,2)

PO 2 IX=1,NXPT-1

1=14%
XCI)=FLOAT(IX-1)/FLOAT(NXFT-1)
Y(I)=FLOATCIY-1)/FLOAT(NYPT-1)
IF(MODIY.EQ.O.AND.IX.6T.1) X(1)=X(1)=-0 . S/FLOAT(NXPT-1)
IF(HODIY.E@.1) GO TO 3

I=1+1

Y(I)=Y(I-1)
X(I)=1.-0.3/FLOAT(NXPT-1)

CONTINUE

DEFINE THE NUMBERS OF THE THREE NODES OF EACH ELEMEN:.
N=0

NYEL=NYPT-1

DO 4 [Y=1,NYEL

NXEL=NAFT- i

IF(NOD(1Y,2).EQ.0) NXEL=MNXPT

DO 4 IX=1,NXEL

Nafis1

NNEU REPLACES M AS THE NUMBER OF THE ELENENT
WNEU=20H

NPT (NNEW) =N

NPJ(NNEW)sNPT (NNEU) +1
NPK(KNEU)=NPT(NNEV) ¢NXPT

IFCIX.EQ. NXEL)NPJ(NNEU ) =NP J (NNEW ) -NXEL
IFCIX.EQ.NXPT)NPK(NNEN ) =NPK (WNEW ) ~NXFT+1
Nish

DG 5 Ivs1,NYEL

WAEL=NXFT

IF(MOB(IY,2).E0.0) NXEL=NXPT-1

B0 5 IXs1,MXEL

HNEY REPLACES N nS THE NUMBER OF THE ELEMENT
H=fed

NNEU=(N-M1)s2-1

NPICANEY) = (HNEV+1)/2
NPJCMNEV) NPT (hWNEW) +NXPT
NPK(ANEV)=NP T (NMEY) +NXPT-1
IFCIX.EQ.NXPTINPT (ANEV)aNP 1 (RNEM) -NXEL+Y
IFCIX.EQ.NXEL)NPJ(NNEU ; sNPJ nitEY) -NXEL

RETUKN
END

SUBROUTINE MODFY3
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SUBPROGRAM TO MODIFY A MESH TO SUIT A PARTICULAR PROBLEN.
THIS VERSION ADAPTS A SQUAKE WESH 10 A CIRCULAR #RC (KING).

CONMON /CMESH/ NEL,NNP,X(150),Y(150),A1(270),AJ(270),
. wK(270),B10Z/C),BI(270),BK(270) ,AREA(270) , NPT (270),
. NPJ(270),NPK(270) ,K0UT,OLTV(270)
. /CNPAR; NXPT,NYPT,n,5

INFUT THE SCALE FACTOR AND THE MESH DIMENSIONS.

TYPE 41

FORNAT(” INPUT THE SCALE FACTOR AND THE WESH LinENSIONS:(3F))
ACCEFT 51,5,A,B

FORNAT (3F)

TEST FOR ACCEPTABLE BASIC MESH.
IF(XOD(NXPTY,8).EQ.1.AND.MOD(NYPT,2) ED.1) 60 TO 1
TYPE 61

FORNAT( " MESH UNSUITABLE FOR PRESENT MODIFICATION)
sTop

PERFORK FIRST WGDIFICATION OF 1 COORDINATES.
120

HR=ALOG(S)#(KYPT-1)

BO 2 isi,mNP

C=Y(I)eALOB(S) & (NYPT-1)

IF U3 MEL1.0)C=(kXP(C)=1.0)/ (EXP(HR)-1.0)
IF(5.€0.1.0)C=v(1)

Y(I)ag

CONTINUE

PERFORN SECOND NODIFICATION 10 INTRUBUCE CURVATURE.
PIsd,®ATAN(T. )

20 3 I=1,NNP

Ra(A+(B-A)*Y(1))/2.

PHI=X(1)82,08P]

X(1)=ReCOS(PHI)+0.5eB

Y(I)=-ReSIN(PHI)+0.5¢B

KUBIFY COORPINATES OF POINTS NEXT TO THE END POINTS OF THE
GUTERMOST CIRCUMFEKENTIAL ROM.
I2=NNP-NXPT+3-(NXPT-1)/4
I1aNRP-NXPT+?

D0 11 K=1,4
ARE=P1/4.-FLOAT(K)®PI/2.
RR125UR1(2.)9L0S(ARG)
RK2=SQRT(2.)sSIN(ARG)
11=]1+(NXPT-1)/4

125124 (NXPT-1)/4

ITERP=11

il=]2

12=[Teap

XCI1)aB/2,8(1,4RKY)
Y(12)=D/2,8(1.4RK2)

CONTINUE

IF(NXPT.EQ.9)60T0 22

IV sHNE-NXPT+3- (NXPT=1)/4
12aMNF-NXPT+1

30 Z: Kei,4
MGoPT/4.-FLOAT(K)#P1/2,
RK1sSQRT(2,)eCOS(ARS)
RK2=3GRT(2, )¢S 1N aRo
LislieiNXPT=1)/4

120126 (NEPT-1)/4
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22

DEFINE and TEST NEU TOTAL NUMBERS OF NODES AND ELEMENTS.
[aknt

NNPRNNP+ (NAPT-1)/441-2

M=NEL

NELSNEL+2¢ ((NXPT-1)/441)-4

IF(NNF.LE. 150 . AND . NEL.LE.27C, 60 TO 4

TYPE 62,NNP,NEL

FORMAT(- EXCESSIVE SIZE OF MESH, NNP =,15,” NEL =,I9)
stop

DEFINE THE COORLINATES OF THE ADDITIONAL WOBES.
IXNAX= (RXPT-1)/441-3

BO & IXs1,IXMAX

Is1+1

IIsI1+1X

IFCIX.6T. ((NXPT-1)/4+1-3)/2) 60 T0 §
X(D=X(II)

IF(MODIX,2) . EQ.1) X(I1)=B/2.8{1.+RK1)
Y(D=Y(ID)

IF(NCD(K,2).EQ.0) Y(I)eB/Z.8(1.+RKY)
60 T0 6

X(DaX(1I-1)

IF(MOD(K,2).EA.0) X(I)=B/2,¢(14RK2)
=Y (11-1)

1F (nub(K,2) .EU.1) Y(I)=B/Z.¢(14RK2)
CONTINUE

Y(NNP)=B/2.+D/2.¢RK2
X(NNP)=B/2.4B/2.#RK1

DEFINE THE NODES OF THE ADDITIONAL ELEMENTS.
Nizh

BO 7 IX=i,IXNAX

LELLS

NPI(H)=IteN-N1-1

NPJ(H)=NPI(K)+1

NPK(H)=NNP-C (NXPT-1)/4+1-2)+H-N1
N2=N

IXNAX=]XNAX-1

DO 8 IXsi,IXHAX

LEL AR

NPI(M)sI1+K-HZ
NPJCN)=NP=((NXPT-1)/441-2)9M-H241
NPK(M)=NPJ(H)-1
NPI(NEL)=NNP-((NXPT-1)/4)/2
NPJ(NEL)=NPI(NEL)+1

NPK(hco)=NNP

CONTINUE

CORRECT COORDINATES OF NODES ON MESH PERIMNETER FOR SMALL
BISCREPANCIES.

D0 36 I=1,NNP

DIFFX=X(1)-B

DIFFY=Y(])-B

IF(ABS(A{])) LT 1.E-) Kt ])=0,
IFCABS(Y(I)).LT.1.E-0)Y(1)=0,
IF(ADS(DIFFX) LT 1.E-4)X(i)=h
IF(ABS(DIFFY).LT. 1. E-0)Y(1)sB

RETURN
117

SUBROUTIMNE MODFY4

SUBPROGRAN TO 1haNSFORN A CIKCULAR AKC TO A JOUKOUSK] AEROFOIL.
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CONNON /CHMESH/ NEL,NNP,X(130),YL130),A2(270),A0(270),
AK(270),b:1270),BJ(270) ,BK(270) ,AREA(270),NP1(270),
NPJ(270),NPK(270) ,H0UT,BLTY(270)

/CHPAR/ NXPT MYPT,A,D

INPUT THE Tu0 ECCENTRICITIES.

1YPE 41

FORMAY (© INPUT THE TUO ECCEMTRITIES:(2F)")
ACCEPT S1,X1,Y1

FORMAT(2F)

X1=X1%4

YizYisa

INTRODUCE TRANSLATION OF AXES.
D0 1 I=i,WNP

BYPASS TRANSFORMATION OF OUTER PERIMETER NODES.

IFC(XCT), EQ.0.).0R.(X(]) . EQ.D).OR.(Y(]),EQ.0.).0R.(Y(]).EQ.B))

60 T0 1

INCORPORATE CIRCULAtION CORRELTION TO SATISFY KUTTA TRAILING

EDGE CONDITION.

XL=X(1)

sy (l)

PHI1=ASIN(Y182,./4)
R=SGRT{(XL-0.58B)*(XL-0.5¢B)¢
(YL-0.58D)¢(YL-0.5%B))
PHI=ACOS((XL~0.58D)/R)
IFC(YL-0.5¢B).LT.0.)PHI=~PHI
PHI=FHI+PHI1A/(k»2.)
AL=RsCOS(PHI)*+B/2.
YL=ReSIN(PHI)+B/2.
AF=SGRT((,5eA)e»2-Y1eY])-X1
XI=(XL-.58B-X1i/A1
ETA=(YL-.5B-Y1)/AY

INTRODUCE JOUKOUSKI TRANSFORNATION.
XISTA=XI#(1.41.7(XISXI¢ETA®EYA))
ETASTA-ETAS(1,.~1,/(X1sXI4ETASETA))

REVERSE INITIAL TRANSLATION OF AXES.
IFC(XCT) . ME.O.) . AND. (X(T).NE.B))
K(1)=At1sX]ISTA+ . Sebe XY
IFC(Y(1).NE.O.) . AND.(Y(]) . ME.B))
VCII=AtSETASTA+ SeB+Y1

CONTINUE

RETURN
END

SUBROUTINE ELAKEA

SUBPKOGRAN TO CALCULATE THE ELEMENT AREAS AND BUALITIES.

CONNON /CHESH/ MEL,NWP,X(150),Y(150),A0{270),A4(270),
AK(270),01(270),0J(270),0K(270) ,AREA(270),0P1(270),
WP (2701 ,4PK(270) , HOUT,OLTY(270)

/CHPAK/ NXPT, NYPT,A,B

CALCULATE THE ELEMENT AREAS AND QUALITIES.
D0 30 M=, NEL

1sWPI (W)

JeNP S,

KNPy n)

=X ))=X(])

rsX(K)r-Xt1

- ) . B




32

30

é1

Y12Y40ds=YiD)

Y2=Y(K)-Y(1)

X3sX(K)-X(J)

Y3=Y(K)-Y(J)

SLI=SGRT ATsAieYI8YT)
SL2=SART(X29X24Y20Y2)
SL3=SQRI(XIsX3+Y3s13)
AREA(M)=(X10Y2-X28Y1)/2,

QLT A =AREA(N)/(SL1+48SL2+45L3)982,912,9S@RT(3,)
IF(AREA(N).6T.0.) 60 TO 30

TYPE 32,M

FORMAT (" ELEMWENT “,15,° HAS NEBATIVE AREA’)
sToP

CONTINUE

RETURN
END

SUBROUTINE WSHOUT
SUBPROGRAN 10 WRITE OUT THE GEOMETRIC DATA FOR THE WESH.
CONANDN /CMESK, NEL,NNF,X(150),11150),A1(270),AJ(270},
AK(270),B1(270),BJ(270),BK(27G3,AREA(270) NP1t 2/0),
NFJ(2701,NPK(270),M0UT,BLTY(270)

/CHFAR, NAPT,NTPT,A,B
IF (MOUT.EQ.0) RETURN
OUTPUT THE NUNDER OF ELENENTS, NOBAL POINTS AND COORBINATES.

TYPE 61, WEL,WNP,CT,X(1),Y¢I), et ,N0P)
FORNAT(’ GEOMETRIC DATA FOR THE WESH’,//,

10X, NUNDER OF ELEMENTS =7 ,14,7/,
10X, NUNBER OF NODAL POINTS =,I4,//,
.” NODAL POINT COORDINATES’,//,

1°,6X,”X",8X,°Y",/

S1X,19,2F9.4))

62

OUTPUT THE ELENENT NODE NUMBERS AND AREAS.

TYPE 62, (M,NP1iAs,aFI(H),NPK(R),AREA(N),BLTY (M), N=1,NEL)

FORMAT(//,° ELENENT NODE NUNBERS,AREAS AND QUALITIES ,//,
No,4K, 1", 4K, d7 4K, K" 6K, AREAZ,7X, “QUALITY” /,

(1K, 415,1X,E12.4,4X,F6.3))

RETURN
END

SUBROUTINE WPLOTZ
SUBPROGRAN TO PLOT THE MESH.

CONNON /CNESH/ NEL,WNP,X(150),Y(150),A1¢270),AJ(270),
AK(270),01(270),84(270),BK(270),AREA(270) ,WP1(270) ,
#PJ(270),UPK(270) ,OUT,BLTY(270)

JCAPAR/ WXPT,NYPT,A,B

DINENSION NFNT(A) XN(4), 1M a)
OFENCUNIT=1,FILE="NSNPLT.OUT")

KEPOSIVION Pinm,
CALL PLOT(1,0.,5.,2)
SCaLE=10.

B0 41 n=1 NEL
NPAT(L)sNPI ()

e - e L

e m— g
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St

NPNT(2)sNPJ(K)
NPNT(3)sRPK(N)
NPNT(4)sNPI(M)
DO 71 K=1,3

L1 =PNT(K)
12=NPNT(K+1)
ANCH)=X(TY)
XN(2)2X(12)
XN(3)=0,
XN(4)=1, /SCALE
W(D=Y(IN)
YN(2)=Y(12)
YN(3) =0,
TN(4)=1./SCALE

LHECK UNETHER PAIR OF POINTS ARE TO BE JOINED.
IFLAG=0
Ircli.LT.12) IFLAGSY

CHECK JHETHER PAIR OF POINTS LIES ON MLSH QUTER PERIAETEK.
IFCCCXNCE) .EQ.O. ) .AND. (AN(2) . EQ.0.1).0R.

COXNCY) JEG.B) . AND. (XN(2).EQ.B)).OR.

(CYNC1).€0.0.).aNB. (YN(2).£Q.0.)).0R.

(CYM(1) . EQ.B).AND.(IN(2).EU.D))) [FLAB=!

CHECK UMETHER PAIR OF POINTS LIES ON MESH INNER PERIMETER.
IFCCI1.LE.NXPT=1).AND. (I2.LE.NXPT-1)) IFLAG=)

JOIN APPROPRIATE POINTS,
IF(IFLAB.EQ.1) CALL LINE(Y, XN,YN,2,1,0,46)
CONTINUE

DETERWINE ELENENT CENTROIU LUGDRDINATES.
I=nPI(N)

J=aPJ (M)

K=NPK(R)

AELL=C ) 4X(J)4X(K)) /3. )85CALE
YELC-CCi{I)+Y(J)+Y(K))/3.)e5CALE

DETERNINE NUNDER OF PISITS IN M.
UDN=TNT(ALOBIO(FLOAT(N)))+1

ADJUST ELEMENT MUWBER CODKDINATES.
AXELC=XELC-.5oFLOAT(NDN+1)2,.06
AYELC=YELC-.3s.07

RUNDER ELENENT.

CALL NUNBER(1,AKELC,AYELC, .07 ,FLOAT(N),0.,-1)
XSTAR=AXELCHFLOAT(MDN41)¢,.06-.03
XSTAR=XELC+FLOAT(NDN) S, 06-.03

CALL SYNDOL(1,XSTAR,YELC,.07,42,0.,-1)
CONTINUE

WUNDER NODES.

D0 51 1=1,N0P

TasXi1reSCALE

TY=Y(1)e5CALE

CaLL wUNDER(Y,TX,TY,,.07,FLOAT(1),0,,~1)
continut

CLOSE(UNIT=1,FILEs NSNPLT.OUT)

RETURN

End

SUDRDUTINE STIFF

SUBPROGRAN TO FORN INDIVIDUAL ELEMENT STIFFMESS MATRICES, AND

o savide R Tt
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27

37

ASSENBLE THE OVERALL STRUCTURE STIFFNESS WATRIX.
REAL NU
BINENSION 1JK(3),BMAT(3,6),B¢3,3),ESTIFF(4,6)

COMMON /CHESH/ NEL ,NNP,X(150),Y(130),AI(270),AJ(270),
AK(2705,B1(270),03(270),DK(270) ,AREA(270) ,NF1(270),
WFJi270),0PK(270) ,NOUT,OLTY(270)

/CHPAR/ NXPT,NYPT,A,B

/CSTIF/ SSTIFF(300,300),NPB1(50),NPB2(50),U(130),V(150),
FXC150),FY(150),N8P1,NBPZ

INPUT THE MATERIAL PROPERTIES OF THE ELEMENTS.
TYPE 27

FORMAT(” INPUT THE VALUE OF E AND NU:(2F))
ACCEPT 37,E,Mu

FORNAT(2F)

B0 50 I=1,2¢NNF

BDG S50 J=1,2eMNP
SSTIFF(1,M)=0.

SET UP OVERALL ASSENBLY LOOP.
D0 20 n=1,dEL

COMPUTE THE ELEMENT GEOMETRIES.
I=NPI(N)

JENPJ(H)

K=NPK(H)

AL(N)==X(J)+X{K)
AJ==X(K)¢XC])

MKW ==X(TD X))
BI{M)=Y(J)-Y(K)

BJ(N)=Y(K)-Y(])

BK(N)=Y(])-Y(J)

Si10RE THL ELEMENT WODE NUMBERS IN ORDER IN ARRAY 1K,
1K1 ) sHPT (M)
IJK(2)=NP (W)
1JK(3) =NPK ()

FORN THE ELENENT DINENSION MATRIX, DNAY.

20 7 IRE=t,z

DO 7 ICE=1,6

BNATCIRE,ICE)=0.

PRAT(1,1)=B1(M)

BMAT(1,3)=BJ(M)

PUATL1,5)=BK (NS

BRAT(2,2)sAT(N)

BRAT(2,4)=AJ(N)

BNAT(2,4)5AK(N)

B0 8 1CE=1,6

IF(WOD(ICE,2).EQ.0) BNAT(3,ICE)=BNAT(1,1CE-1)
IF(NOD(ICE,2).EQ.1) BNAT(3,ICE)=PNAT(2,ICE+1)

FORN THE ELASIIC FaoPERTY MAIRIX, .
DO 9 IRE=1,3

90 9 1CE=1,3

DCIRE,ICE =0,
FACT=E/( (1. eMU)e(1,.-2,0M1)))
BC1,tiaFACTe (1, -NU)

D(1,2)sFACTeNU

p(2,1)=h(1,2)

B(z,2)sh 4, 1)

D(3,3)sFACTe, 50(1,-2,9N0)




10

20

3000

61

27

50

15

FORM THE ELENENT STIFFNESS MATRIX, ESTIFF.

B3 10 I=1,4

D0 10 J=1,6

ESTIFF(I,JisC.

D0 10 L=1,3

#0 10 Ks1,3
ESTIFF(I,J)sESTIFFU], J)+BMAT(L, 1)eD(L , K)SBRAT(K, )2, 25/AREA(M)

CONSTRUCT OVERALL STRUCTURE STIFFNESS MATRIX, SSTIFF.
B0 20 [RE=1,3

BP0 20 ICE=1,3

TROU=T1JK(IRE)

I1COL=1JK(ICE)
SSTIFF{2¢IRON-1,2¢1COL-1)=SSTIFF(28[ROU-1,241C0L-1)
+ESTIFF(2eIRE-1,281CE-1)
SSTIFF(281R0W-1,201COL)»SSTIFF(281R0U-1,2¢1C0L)
+ESTIFF(2¢IRE-1,2¢1CE)
SSTIFF(2#1R0w,2e1C0L-1)=5STIFF (28RO, 2¢ICOL-1)
+ESTIFF{2¢)RE,20ICE-1)

SSTIFF(2¢ ROV, 2¢1COL)=SSTIFF (28 1ROV, 261000 )
+ESTIFF(28]RE,281CE)

CONTINUE

TYPE 5000

FORMAT (" STIFF EXECUTED")

RETURN

END

SUBRGUTIRE STFOUI
SUDPROGRAM TO OUTPUT STRUCTURE STIFFNESS WAIRIX.

CORNON /CHESH/ NEL,NNP,X(150),Y(150),a1(Z70),A4(270),
AX(270),B1(270),6J(270) ,BK(270) , AREAL270) ,WFI (270},
NPJ(270) ,NPK(270) ,MOUT,QLTY (270)

/CHPAR/ NiFT,NYPT,A, b

,CS11F/ SSTIFF(300,300),MPB1(S50),MPB2¢50),U(150),Y(150),
FXC150),FY(150),NBP1,NBPZ

Trke 61

FORMAT(‘ 1NPUT THE GLOBAL STIFFNESS MATRIX OUTPUT CONTROL‘,/,

7 PARANETER (1 IF THE ENTIRE STIFFNESS NATRIX 0 BE TYPED /,/,
7 OUT, 0 IF NONE OF THE STIFFNESS WATRIX TO BE TYPED OUT)2(1)”)
ACCEPT 21, KkOUT

FORNAT(T)

IF(KOUT.EQ.0) RETURN

TYPE S0

FORNAT ,/,” GLOBAL STIFFNESS WATRIX')
D0 1 I=1,2eMNP

TYee 15,1

FORNAT(/, KGN ,14)

TIFE 10, (SSTIFF(T,J),Ju1, 20NNP)
FORMAT(4F 12,7/

ConliNUE

RETURN

ey

SUBROUTINE IaEKT

SUDPROSRAN TO CALCULATE THE INERYIAL FORCE PER ELEMENT, AND
DISTRIDUTE IT ANONGST THE ELEMENTAL aoBES.

CORMON /CMESH/ NEL, MNP, X(150),Y(150),A1(270),AJ(270),
AK(270),01(270),84(270) ,BK(270), AREA(270) ,WP1(276 ),
WFo0270) ,HPK(270),MOUT,BLYY(270)

/CSTIF/ SSTIFF4300,300),8P81(50),MPB2(S0),U(150),V(150),
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81

31
41

10
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FX(150),FY(153),NBP1,NBF2
/ChhTL/ KO

DIMENSION NPNT(4)

DO 56 1s1,nnfF
FaArli=0,
FY(1i=o,

B0 41 n=y NEL
NPNTC1)eNPICN)
WPNT(2)=NPJ(N)

WPNT (3)=NPK(N)
NPHT(4)=NPI(N)

FEX=0.

FEY=0.

bo 81 K=1,3

I1aNPNT(K)

125NPNT(K+1)

DI=ULIT)

D2=U(12)-U(11)

p3=V(1)

DAV(12)-V(I1)
RLI=X(12)-X(11)
RL22Y(12)-Y(11)

RL=SORT (RLYSRL 1 *RL2SRLZ)
RNX=RL2/RL

RNY=-RL1/RL
FEX#FEX+ROSRLS (D1s ((D14B2) #KNX+(B5+.5404) sRNT i viiZ (G2eRNX/3.
+(.5eD34LA/T, ) SRNY) )
FET=FET#ROSRLE (B30 ( (D1+.5002) SRNX+(D3+D4)SRNY)+Das (. 50D1+D2/3.)
SRNX+DASRNY/3.))
CONTINVE

0 31 K=1,3

T1=NPNT(K)
FXCI1)=FX(I1)-FEX/3.
Fic1U=FY(11)-FEY/3,
CONTINUE

RETURN
END

SUBROUTINE BLS
SUBPROGRAN TO APPLY THE BOUNDARY CONDITIONS.

COMMON /CHESH/ NEL ,NNP,X(150),Y1150),A1i270),A04270,,
AK(270),B1(270),04(270),BK(270),AREAL270) ,0P1(270),
NPJC2701 NPk /01 MOUT,BLTI (27 0)

/CHPAR/ NXPT,NYFI A, b

/CSTIE/ SSTIFF(300,300) ,MPB1(50) ,0PB2(50),0(158),V(150),
FX(150),FY(150),MBP1,NBP2

STORE NUMBERS OF MODES DM IMNER MESH DOUNDARY 1N ARRAY WPBY, AND
oET COKRESPONDING VELOCITIES TO ZERD.

1=0

D0 10 N=1,MXPT~-1

Isl+t

w1 (L)aN

vimr=p,

Vi) =0.

(1 14EY

STORE WUMBERS OF WODES OM DUTEL WESH BUUNBAKY IN ARRAY WPB2, MND -
SET CORRESPONDING VELOCITIES T0 UNITY. g
isd

— C el im oo
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[T Nol o)

DO 20 N=1,NNF

IFC(X(N).NE.O.) AND. (XC<N) . NE.B).AND. (T(N/ . NE.Q.) . aNE, (Y(N) . NE.B)
} 6O T0 20

1al+d

NPP2(1)=n

UN) =1,

ViN)=0.

CONTINUE

NBP2=1

RETURN
END

SUBROUTINE ELIMIN(A,X,NEQN,NROU,NCOL,DET ,ANEAN)

SUBPROGRAN FOR SOLVING SINULTANEOUS LINEAR EQUATIONS BY GAUSSIAN
ELININATION UITH PARTIAL PIVOTING.

DIMENSION A(NROU,NCOL),X(NROV)
DOUSLE PRECISION SUM

NEQN=MEON
IF(NEOM.LE.NROU,AND.NEGN.LE. NCOL~3) b0 T0 1
WK1TE(6,61)

FORMAT(33HOSTOP - DIMENSION EknOk 1N ELININ)
siop

FIND MEAN COEFrICIENT WAGNITUDE.
ABEMI=0,

B0 2 I=1,NEQN

Do 2 J=1,NEQN

ANEANSANEAN+ABS (A(I,)))
AMEAN=AKEAN/FLGAT (NEQNSNREDN)

CONMENCE ELIMINATION PROCESS.
JHAX=NEQN+1

NEONNT=NEGN-1

BD & IEQN=),NEONNY

SEARCH LEADING COLUNN OF THE COEFFICIENT MATRIX FRON THE
BIAGONAL DOWNUARDS FOR THE LARGEST ELEMENT AND MAKE THIS THE
PIVOTAL ELEMENT.

ININ=TEGN+:

INAX=TEQN

BO 3 I=]1hIN,NEUN

1F vhpa ACT, TEQW)) BT ABS(ACINAX, TEGN))) INAX=]
IFCInAX.EG. IEQNM) 60 TD S

D0 4 J=IEQN, JNAX

AA=ACIEQN, )

ACIEQN, ) =A(INAX,J)

ACTHAX, J)=AA

ELININATE X(IEQN) FRON EQUATIONS (IEON+1) TO MEOW, FIRST TESTING
FOR NONZERD PIVOTAL ELEMENT,
IF(ADS(ACTEQN, IEGN) /ANEAN) .LT.1.E-8) 60 TO 10

b0 6 1=ININ,NEQN

FACT=A 1, IEQN)/ACTEQN, TEQN)

DO & J=ININ, INAX

ACT,D)2A(1,J)-FACT#a TEQN, J)

S0LVE THE UFPER-TRIANGULAR SET OF EGUATIONS BY DALH

SUBSTITUTION.

TFCADS(ACNEGN, NEQN ) /ANEAN) .Li.1.E-8) 60 TO 10 -
X(NEQN)sA(NEQN, JRAX) /A CNERN, REQGN) o=
b0 8 Ls2,NEGK

ToNEQN+1-L
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1"

SUMN=A(T, JHAX)
lit=avt

DO 7 S=if1,NEGN
SUN=SUN-A(1,J)*X(J)
X(1)=SuUN/A¢I, 1)

EVALUATE DETERMINANT OF COEFFICIENT MATRIX AND COWPARE WITH
ORIGINAL COEFFICIENTS.

BETA=1,

b0 9 I=1,NEQN

DETA=DETA*A(I,T)

DET=DETA

TYPE 72
FORNAT(  ELININ EXECUTED")

RETURN

bET=0,

TYPE 66

FORMAT ¢« ELIMNIN NOT EXECUTED")
RETUnn

END

SUBKOUTINE FENOUT
SUBPROGRAM TO STURE THE SOLUTION DATA IN OUTPUT DATA FILE.

COMNON /CHESH/ NEL,NNP,XC150),Y(150),A1(270),A0(270),
AK(270),B1(270),BJ(270),BK(270) ,AREA(270) ,NP1(270),
NPJ(270) ,NPK(270) ,MOUT,BLTY(270)

/CHPAR/ NXPT,NYPT

/CSTIF/ SSTIFF(300,300),NPB1(50),NPB2(50),U(150),V(150),
FX(150),FY{150),NBP1,NBP2

OPENCUNIT=3,FILE="FENOUT.DAT” ,ACCESS=" APPEND ")
WRITE(3,11), (I,FXCD,FYCI), 00D, 01D, I=1, NNP)
FORMAT(//,” NODAL FORCES AND VELOCITIES”,//,

‘ N7, 6%, FX7 10X, “FY" 11X, U’ , 11X, “V’ ,/,
(X,15,4€12.4))

CLOSE(UNIT=3,FILE="FENOUT.DAT")
RETURN
ENp

SUBROUTINE OUTPUT
SUDPROGRAM TO OUTPUT THE SOLUTION DiTA.

COMnaN /CHESH/ NEL ,NMP,X(150),Y(150),A1(270),4d(270),
AK(270),01(270),BJ(270),BK(270) ,AREA(270),NP1(270),
WPJ(270),NPK(270),M0UT,0LT{(270;

/CHPAR/ NXPT,NYPY

/CSTIF/ 55TIFF(300,300),NPB1(50),MPB2(50),U{150),V{150),
FX(150),FY(150) ,NEP1,NBP2

TYPE 11, (1, FXCD),FYCD), 00D, V(L) , I, 00P)
FORMAT(//,’ NODAL FORCES AND VELGCITIES',//,
. N, 8%, “FX7 10X, FY* 11X, 70’ , 11X, 7V, /,
(X, 15,4E12.4))

RETURN
END

SUBKDULITINE SOLFLT

b




St

. v s s »

SUMPROGRANW TO PLO1 THE NODAL VELOCITIES.

CONRGN /CHESH/ NEL,NNP,X(150),Y(150),A1(270),AJ(270),
AK(27G),51(270),8J(270),bK(2707,AKER 270/, NP1(270),
NPJ(270),NPK(270) ,HOUT,BLT V(27 )

/CAPAR/ NXPT,NYPT,A,B

JCSTIF/ SSTIFF(300,300),NPB1(50),NPB2(50),U(150),V(150),
FX(150),FY(150),NDP1,NBP2

DIMENSION XVECT(4),YVECT(4),XNC4),YN(4)
OPEN(UNITs2,FILE="SOLPLT.OUT)

REPOSITIODN PEN.
CALL PLOT(2,0.,5.,2)
SCALE=10.

B0 1 I=1,NNP

CONPUTE VELOLLITY VECTOR COORLINATES.
xveCi<1)=x(1)

XVECT(2)=X(I)+U(1)/20.

XVECT(3)=0.

AVECTta)=1./50Act

TVELT 1) =Y ()

YVECT(2)=Y(1)4V(1}/20.

TvECT(3)=G.

YVECT(4)=1./SC4LE

PLOT VECTORS.

CALL LINE(2,XVECT,YVECT,2,1,0,46)
XNODE=XVECT (1)eSCALE
YNODE=YVECT(1)eSCALE

CALL SYMBOL(2,XNGIE,YNODL,.07,4,0.,-1)
CONTINUE

PLOT AEROFOIL.

DO 51 I=1,NXPT-2

XN(1)=X(I)

AN(2)=X(]+1)

XN(3)=0.

ANCA) =1, /SCALE

YN(1)2Y(D)

YN(2)=1(1¢1)

YN(3)=0.

YN(4)=1,/SCALE

CALL LINE(2,XN,YN,Z,i,0,46!}
CONTINUE

ANCT)=A(MXPT-1)

XN(2)=X(1)

YNCT) =Y (NXFT-¢4

TH(2)=Y(1)

CALL LINEC2,XN,YN,2,{,0,46)
CLOSE(UNIT=2,FILE="SOLPLY.OUT")

RETURN
END
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